A quantitative study of responses of pial precapillary vessels to changes in arterial blood carbon dioxide tension was made in anesthetized cats. All vessels examined ranging in diameter from 13 to 90/ x responded to hypercapnia with increases in diameter and to hypocapnia with decreases in diameter. The onset of the response to hypercapnia was earlier, its speed was faster, and its magnitude greater with higher concentrations of CO 2 . In response to the same increase in arterial blood Pco 2l smaller vessels (13 to 40/i) increased in diameter by 47.7 ± 10.8% of the control value while the increase in diameter of larger vessels (41 to 90/x) was significantly lower and equal to 29.5 ± 6.3% of the control value. In the steady state the relation between pial vessel diameter expressed as percent of the control value (Y) and arterial blood Pco 2 (X) was given by the equation Y = 53.07 + 1.587X -0.00715X 2 . The relatively large magnitude of the response of pial arteries and arterioles to CO 2 and the fact that it was dependent on vessel size show that there must be significant readjustments in the pressure gradients in these vessels when CO 2 tension is changed.
. The relatively large magnitude of the response of pial arteries and arterioles to CO 2 and the fact that it was dependent on vessel size show that there must be significant readjustments in the pressure gradients in these vessels when CO 2 tension is changed.
KEY WOKDS
cat hypercapnia cerebral blood vessels hypocapnia arterioles B In view of the generally acknowledged importance of the action of carbon dioxide on cerebral blood vessels in the regulation of blood flow to this vascular bed, and because of the well-recognized principle that normal adjustments in the vascular resistance in most vascular beds are usually carried out by alterations in the caliber of the small precapillary blood vessels, it appeared important to study the effect of CO 2 on small precapillary cerebral blood vessels. There are only two previous studies in which this aspect of the cerebral vascular action of CO 2 
was
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Received October 27, 1970. Accepted for publication February 23, 1971. examined systematically. In one study (1) it was found that the inhalation of the CO 2 by anesthetized or unanesthetized cats and monkeys produced vasodilation, but the results were reported only qualitatively. In the other study (2) quantitative results were presented, but only arteries larger than 150/JL in diameter were examined. Furthermore, methods presently available allow more accurate and complete studies than were possible in the past. The present study was undertaken to investigate the effect of changes in blood CO 2 tension on small arteries and arterioles of the pia in the anesthetized cat.
Methods
Experiments were carried out on 30 cats anesthetized with pentobarbital (30 mg/kg iv) and paralyzed with decamethonium (0.4 mg/kg iv). A femoral arterial catheter was attached to a P-23-Gb Statham strain gauge for measuring arterial blood pressure. A tracheostomy T-tube was put in place and connected to a positive pressure respirator. Expired air CO 2 concentration was measured throughout die experiment with a Beckman infrared CO 2 analyzer calibrated at each experimental sitting with at least three different concentrations of CO 2 . Ventilation was 519 foe* dot represents S aetdpornts.
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FIGURE 1
Calibration of optical system using Wild micrometer.
of 10 feet using a Leitz Prado projector with filmstrip attachment and a 50 mm lens. Internal arterial diameter was measured manually on the projected image using a blind technique in which the scale markings were invisible during the measurement. Calibration was carried out with a Wild stage micrometer photographed and projected through the identical objective, microscope optics, camera and film projection as during the experiment. Measurements made from this micrometer image are shown in Figure 1 . Calibration was reproducible and truly linear in all parts of the image. The standard error of repeated measurements of the diameter of a 25fx vessel on the same exposure was 0.4//,. The standard error of the diameter of a 25/u. vessel photographed at 15-second intervals for 5 minutes under seemingly steady state conditions was consistently less than 0.5^,. This is the variation that one might reasonably expect from alterations in the diameter associated with the arterial blood pressure pulse.
adjusted at the beginning of the experiment to bring end-expiratory CO 2 tension to 35 to 40 mm Hg. Arterial blood Pco 2 was measured with a Severinghaus electrode. The animal's head was immobilized with a head holder and the skull was exposed. A round opening was made in the skull with rongeurs and a circle of dura was removed and its edge cauterized. Bone wax was used to control bleeding from bone. A stainless steel pial window was threaded into the opening and sealed with dental acrylic. This window was smaller than the window originally used by Forbes (3) and accommodated a 12-mm round coverglass sealed in the steel ring with hot beeswax. The space beneath the window was filled with a salt solution having the following composition: Na, 150 mEq/liter; K, 3.0 mEq/ liter; Mg, 1.2 mEq/liter; Cl, 132 mEq/liter; glucose, 3.7 MM; urea, 6.0 mM; and HCO 3 , 25 mEq/liter. This composition is identical to that of feline cerebrospinal fluid (4). The cerebrospinal fluid solution was equilibrated with a gas mixture containing 6% O 2 , 6.5% CO 2 in N 2 to give O 2 and CO 2 tensions and pH closely approximating those found normally in the cerebrospinal fluid of the cat. The animal's head was immobilized with a special clamp on a movable stage under the optical axis of a Leitz Ortholux reflected light microscope which was fitted with an electrically driven Nikon 35 mm camera capable of recording up to four frames per second and of being operated autpmatically or by push button. An electrical signal indicated the instant of each exposure on a recorder. Kodak Plus-X black and white film was used. The developed filmstrips were projected at a distance Representative experiment shouting diameter of three pial precapillary vessels, end-expiratory CO S tension, and mean arterial blood pressure before, during and after CO 2 breathing.
Two series of experiments were carried out. In one series, vessels of different sizes were photographed during a control period, when the animal breathed room air, and at regular intervals during the breathing of 7% or 10% CO 2 in air until a steady state was established. Subsequently, the animal was hyperventilated to return blood CO 2 tension as rapidly as possible to the control level and recordings of vessel diameter were continued. In a second series of experiments, the steady-state relationship between pial vessel diameter and blood CO 2 tension was examined in the following manner. Room air and gas mixtures containing 3%, 6.5%, and 10% CO 2 in air were given in sequence followed by two levels of hyperventilation while room air was breathed. Each period was continued for several minutes until pial vessel diameter reached stable values.
Results
The diameter of the vessels examined ranged from 13 to 90//.. Without exception, in all vessels studied, hypercapnia caused an increase in diameter and hypocapnia a decrease in diameter. In ten cats mean arterial blood pressure changed by more than 10 mm Hg during CO 2 breathing. These experiments were excluded from further consideration because of the possibility of passive changes in diameter related to the change in blood pressure. The results reported below are based on experiments in 20 animals in which mean arterial blood pressure changed by no more than 10 mm Hg.
A representative experiment illustrating the transient changes in pial vessel caliber during CO 2 breathing is shown in Figure 2 . The transient response of pial vessel diameter to hypercapnia was analyzed in nine vessels in six cats in response to 7% CO 2 breathing, and in nine vessels in eight cats in response to 1085 CO 2 breathing. Seven percent CO 2 breathing caused an increase in pial vessel diameter from 40.8 ±9.4 to 61.7 ±12.2/* (mean±SE), associated with an increase in arterial blood Pco 2 from 37.3 ± 1.2 to 62.2 ± 2.3 mm Hg. Ten percent CO 2 breathing caused an increase in diameter from 23.6 ±2.9 to 38.3 ±5.7/A associated with an increase in arterial blood CO 2 tension from 37.0 ± 2.6 to 73.3 ± 2.0 mm Hg. An increase in vessel diameter equal to 10% of the value during room air breathing was arbitrarily chosen as a definite indication of the onset in increase in vessel diameter in response to CO 2 breathing. The time required from the onset of CO 2 breathing to reach this arbitrary threshold was 148.3 ±31.3 and 88.3 ± 42.0 sec for 7% and 10% CO 2 breathing respectively. The shortest time was 15 seconds and the longest several minutes. The time lapse from the onset of CO 2 breathing until 66% of the full increase in pial vessel diameter was achieved equaled 5.5 ± 0.7 and 3.5 ± 1.0 minutes for 7% and 10% CO 2 breathing respectively. The times from the beginning of CO 2 breathing until 100% of the response was achieved was 7.9 ±0.9 and 5.2 ±1.1 minutes for 7% and 10% CO 2 breathing respectively. The times required for alveolar Pco 2 to reach a new equilibrium value were 6.7 ± 0.3 and 3.8 ±0.5 minutes for 7% and 10% CO 2 breathing respectively. These times were not significantly different from the times required for pial arterial diameter to reach 100% of its change during CO 2 breathing. The downtransient following discontinuation of CO 2 breathing was not analyzed in any experiment because the hyperventilation used to reduce CO 2 tension rapidly always caused a substantial fall in arterial blood pressure.
The steady-state relationship between pial vessel diameter and arterial blood CO 2 tension at five different levels of the latter was determined in ten vessels in six animals (Fig.  3) . Statistical analysis of the results showed that the relationship between vessel diameter and arterial blood CO 2 tension could be best described by a second order polynomial (Table 1) .
In 15 exposures to CO 2 in seven cats, two or more vessels of different size were in focus in the same field and a comparison of small-tolarger vessel responses to CO 2 could be made. The diameter of smaller vessels (13-40/A) increased by 47.7 ± 10.8% of the control value, whereas in larger (41-90;u.) vessels it increased by 29.5±6.3% of the control value. The difference between these increases of 18.8 ± 5.1 was significantly (P< 0.001) different from zero.
Discussion
These results show that pial arteries and arterioles respond to increases in blood CO 2 tension with vasodilation and to fall in blood CO 2 tension with vasoconstriction. All vessels examined in the present investigation with diameters between 13 and 90/u. changed caliber in response to hypercapnia or hypocapnia.
Other investigators (2) have previously shown that pial arteries ranging in size from 150 to 300/i also responded to CO2 in a similar fashion. Since the largest pial arteries are between 200 and 300/x in diameter when arterial blood CO 2 tension is normal, these findings show that the responsiveness to CO 2 extends over the entire range of pial arterial size. Smaller vessels in our investigation showed a greater percentage increase in diameter than larger vessels. This may represent greater intrinsic responsiveness of the smooth muscle of the smaller vessels or it may be due to increased intravascular pressure as a result of dilation of larger vessels. Both the magnitude and the speed of the response to hypercapnia were dependent on the concentration of COo. The response was faster and greater with the higher concentrations of CO 2 . Undoubtedly, this, was partly related to the faster rise in arterial blood CO 2 tension when the concentration of CO 2 breathed was higher. The onset of the response to CO 2 is of interest for its possible significance in identifying the site and mechanism of its action in producing vasodilation. A large portion of the time required for the onset of the response to CO 2 was due to the time required to increase arterial blood CO 2 tension sufficiently. From the steady-state data shown in Figure 3 , a 10% increase in diameter requires an increase of approximately 10 mm Hg in arterial blood Fi and Pi refer to the significance of analysis of covariance applied to each polynomial regression. Fz and P2 refer to significance of improvement in fit by use of polynomial of higher order.
Analysis of Covariance for Relationship between Pial Vessel Diameter and Arterial Blood CO% Tension during Hypercapnia and during Hypocapnia
COo tension. The average times for this rise in Pco 2 to occur were 55 ± 14.8 and 35 ± 4.0 seconds for 1% and 10% CO2 breathing respectively. Additional time must also have been required for transport to the cerebral vascular bed and for diffusion to the site of action. Theoretically, one or more of a number of mechanisms might underlie the dilator action of CO2 on cerebral blood vessels. These include (1) direct action on the vascular smooth muscle cells as a result of changes in PCO 2 or pH in the extracellular fluid or within these cells; (2) action at a remote area of the brain followed by reflex dilation of the vessels; and (3) action on adjacent neural cells inducing either a local reflex or release of vasodilator material which then reaches the vascular smooth muscle by diffusion. Of these, the mechanism currently most popular and supported by the strongest evidence involves direct action on the vascular smooth muscle as a result of decreased extracellular fluid pH (5) . Hopes that the present data might provide clues for distinguishing between these possibilities were not realized, primarily because the rise in arterial blood Pco 2 was relatively slow and highly variable and the time delays for CO 2 to reach the various possible sites of action are not known precisely or can be reasonably expected not to be very different from each other.
An important question is whether the responses of the pial vessels are representative of the responses of vessels elsewhere in the brain. This cannot be answered with confidence since vessels within various parts of the brain cannot be examined directly. It is known, however, that the responses of the pial vessels are qualitatively similar to what one might expect of the blood vessels of the brain as a whole, as judged by indirect studies based on measurements of pressure and flow (6), but it is also known that there are regional quantitative differences in the responsiveness of brain blood vessels to CO 2 (7) .
In the present experiments, simultaneous intravascular pressure measurements in the pial vessels were not made. The precise changes in the pressure within these vessels in response to changes in CO2 are therefore not known. As the following considerations suggest, however, one might reasonably surmise that there must have been significant redistribution of the segmental resistance and of the pressure gradients in the pial vessels when CO 2 tension was changed. The magnitude of the change in pial arterial vessel caliber in response to alterations in COo was relatively large. Unless a compensating increase in blood flow occurred, there must therefore have been a decrease in the pressure gradient between successive portions of this vascular bed and a corresponding increase in intravascular pressure in the vessels of smaller caliber, since mean arterial blood pressure did not change. Estimates of the flow changes in these vessels under the conditions of the present experiments are not available. If, however, one is willing to accept the changes in total cerebral blood flow during hypercapnia or hypocapnia as representative of the flow changes in the pial vessels, then it can be readily seen that the increase in flow is not sufficient to maintain the pressure gradient observed under conditions of normal CO 2 tension. For example, a decrease in arterial blood CO2 tension from 40 to 20 mm Hg results in an 18% decrease in pial arterial diameter on the basis of our data and in a 46% decrease in cerebral blood flow from the data of Reivich (8) . Assuming that vascular resistance is inversely proportional to the fourth power of radius, the pressure gradient would increase to 120% of its value at a Pco 2 of 40 mm Hg. Furthermore, an increase in arterial Pco 2 from 40 to 80 mm Hg resulted in an increase of 34% in pial vessel diameter and was associated with an increase of 68% in cerebral blood flow from the data of Reivich (8) . On the basis of the same assumptions as before, the pressure gradient would decrease to 52% of its control value. That these estimated changes in pressure gradients are at least directionally correct is further supported by the fact that during hypercapnia an increase in cerebrospinal fluid pressure occurs (2), presumably as a reflection of an increase in capillary pressure, which is also seen in other vascular beds under conditions of arterial vasodilation. If one considers additionally that the dilation of the pial vessels is size dependent with the larger vessels dilating less than the smaller vessels in response to the same increase in CO 2 tension, it is predictable that an alteration in the distribution of the segmental resistance would occur in this vascular bed. An important corollary to this is that meaningful attempts to define the size of vessels at which the largest pressure drop occurs by determining pressure in vessels of different diameter must necessarily be related to the prevailing conditions of CO o tension in the blood and in the tissues.
As shown above, the slope of the curve relating pial vessel diameter to CO 2 decreased at a Pco 2 of 70 to 75 mm Hg, suggesting that either the maximal vasodilation that these vessels are capable of undergoing was being approached or that the response to CO 2 at that level was effectively counteracted by opposing forces. In the hypocapnic range, no such decrease in the response could be verified. One might reasonably have expected that the ability of the vessels to constrict would be limited. It must be emphasized, however, that our inability to show such a decline in response might have been due to the fact that as diameter decreased, the error of measurement probably increased.
